INTRODUCTION
In the last few decades, geotechnical and earthquake engineering applications have stimulated the development of more and more reliable geophysical tests for the mechanical characterization of the soils in-situ and/or in the laboratory (Stokoe and Santamarina, 2000; ValleMolina, 2006 ). Their use is for measuring shear and dilatational wave velocities, VS and VP, with the objective of relating them to some physical or constitutive parameters of the soil taking advantage of appropriate theoretical formulations or empirical relationships. Owing to the fact that in these tests the soil is subjected to small perturbations, the material parameters obtained in this way are commonly referred to the undisturbed state of the soil. In addition, linear elasticity is the most frequently used constitutive assumption to model the mechanical behaviour of the soil. In this context, For a mono-phase medium, VS and VP are related to the smallstrain shear and constrained moduli of the medium, respectively (Richart et al., 1970) .
For two-phase media, which is the case of saturated soils, the theory generally used to analyse wave propagation in geomaterials subjected to small amplitude excitations, is that originally developed by Biot (1956) . Based on this theory, Foti et al. (2002) proposed a procedure for estimating soil porosity from measured shear and dilatational wave velocities. This procedure is very useful from an engineering viewpoint, especially in the case of coarsegrained soils in which in-situ undisturbed sampling can be only achieved using sophisticated techniques (Hofman et al., 2000) .
Wave propagation in unsaturated soils is obviously much more di‹cult to deal with due to the complex interactions between the solid skeleton and the ‰uids (air and water)ˆlling the pores. A simpliˆcation is usually made when the soil is very close to saturation. In such circumstances, in fact, air contained in the pores is present in the form of occluded bubbles that can be considered as one with pore water. In this connection, an accepted assumption is to retain the formal structure of Biot's theory, while introducing an appropriate bulk modulus for the water-air mixture (Ishihara, 1970; Kokusho, 2000; Tamura et al., 2002) . Brutsaert (1964) was perhaps thê rst to develop a model for describing wave propagation through porous media saturated by two ‰uids. Further contributions were later provided by Gray (1983) , Garg and Nayfeh (1986) , Berryman et al. (1988) , Tuncay and Corapcioglu (1997) , Wei and Muraleetharan (2002) , and Lo et al. (2005) . While all these studies are highly valuable from a theoretical point of view, they have not led to simple-to-use expressions for the wave velocities that are of practical interest. In addition, some material parameters involved in these expressions are di‹cult to determine experimentally. This limits the use of these models for engineering purposes.
Recently, Conte et al. (2009) presented a simpliˆed formulation that is based on the theory of linear poroelasticity in conjunction with the constitutive relationships originally proposed by Fredlund and Morgenstern (1976) to describe the volume changes undergone by unsaturated soils owing to changes in total stress and suction. The ex-pressions of VS and VP obtained applying this formulation to the case of low-frequency excitations, which is the most frequently encountered condition in the geophysical tests (Santamarina et al., 2001) , are used in the present study to develop a procedure for evaluating the volumetric deformation coe‹cients of unsaturated soils at their undisturbed or natural state, once the measured values of P-wave and S-wave velocities, porosity and degree of saturation of the soil are available. The results of some applications of the method to a set of experimental data published in the literature are also shown.
P-WAVE AND S-WAVE VELOCITIES FOR LOW-FREQUENCY EXCITATIONS
The stress-strain equations adopted in the present study to determine the wave velocities for unsaturated soils subjected to small amplitude excitations are:
where s is the total stress tensor, pw and pa are the porewater and pore-air pressures caused by the excitation, u S , u w and u a are the displacementˆelds for the solid, water and air phases, respectively, G is the shear modulus of the soil skeleton, x is a material parameter the expression of which is provided by Eq. (6), n w is the volume fraction of water and n a is that of air. These latter are related to the porosity, n, and the degree of saturation of the soil, S r , by the equations:
In Eqs.
(1) to (3), the sign convention of continuum mechanics is used according to which a dilatant volumetric strain is positive and stresses are positive in tension. Moreover, I is the identity tensor, the symbol grad stands for the spatial gradient, div indicates the divergence operator and the superscript T denotes the transpose. The other parameters appearing in Eqs.
(1)-(3) take the following form:
in which K w and K a are the bulk modulus of water and air, respectively, and n is Poisson's ratio of the soil skeleton. Following Fredlund and Morgenstern (1976) , m S 1 and m S 2 are the coe‹cients of volume change of the soil structure with respect to a change in the mean net total stress, (s m ＋p a ), and in matric suction, ( p a -p w ) respectively, which are the stress state variables usually considered to describe the behaviour of unsaturated soils, and sm is the mean total stress (i.e., sm＝(sx＋sy＋sz)/3, where sx, sy and sz are the total normal stresses in x, y and z directions). Similarly, m As pointed out by Fredlund and Rahardjo (1993) , the volumetric deformation coe‹cients reduce to that of the soil structure, m v , when the pores are completelyˆlled with water (saturated soil). On the other hand, when the soil approaches a dry condition, the coe‹cients of water volume change go to zero. Moreover, the following identities hold (Conte et Equations (1) to (3) were derived under the assumptions of isotropic linearly elastic behaviour of the soil skeleton, inˆnitesimal strains, isothermal conditions, solid particle incompressibility and validity of the constitutive relationshipsˆrst proposed by Fredlund and Morgenstern (1976) . The basic equations that were considered to derive these equations are presented in APPENDIX I.
P-wave and S-wave velocities can be obtained from the diŠerential equations governing wave propagation in three-phase porous media. These equations are the motion equation for the soil and those for the ‰uid phases. They can be obtained as an extension of those presented by Coussy (2004) for a porous medium saturated by one ‰uid. By neglecting the body forces and making use of Darcy's law for describing the ‰ow of air and water through the soil, the governing equations are:
where rS, rw and ra stand for the mass densities of the soil particles, water and air, respectively, g is the gravity acceleration, and kw and ka are the coe‹cient of permeability for the water and air phases, respectively. The dot notation is used in these equations to denote the time derivatives.
Considering the permeability characteristics of the soils and the frequency content involved in most geophysical tests (Santamarina et al., 2001) , it is usually assumed that any excitation falls in the low frequency range, where the eŠects of the relative motion between the solid and the ‰uid phases may be disregarded (Biot, 1956 ). In this connection, Miura et al. (2001) conducted an interesting study on the frequency-dependent characteristics of the waves in various saturated soils from clay to soft rocks. The study highlighted that the coe‹cient of permeability is the main soil parameter controlling the wideness of the low frequency range. In particular, the smaller the coe‹cient of permeability, the wider is this range. As a consequence, the above assumption should be even more accepted for unsaturated soils than for saturated soils owing to the fact that the former soils are generally characterized by much smaller values of the coe‹cient of permeability than the latter ones. From a mathematical viewpoint, this is equivalent to imposing u a ＝u w ＝u s ＝u, where u denotes the displacementˆeld of the medium. Thus, the governing Eqs. (8) to (10) reduce to: div s-r äu＝0
( 1 1 ) with r＝(1-n)r S ＋S r nr w ＋(1-S r )nr a . Moreover, owing to the constitutive Eqs.
(1) to (3), Eq. (11) takes the form:
( 1 2 ) where ; 2 is the Laplacian operator. Lastly, by applying Helmholtz's decomposition to Eq. (12) leads to two uncoupled equations that govern the propagation of S-wave and P-wave in three-phase media under undrained conditions (Cosentini, 2006) . The propagation velocities of these waves are denoted by V S and V P , respectively, and are provided by the following equations:
where
Equation (14) can be cast in a more convenient form from an engineering viewpoint by introducing some additional simpliˆcations. For this purpose, the parameter x is replaced by Sr as an approximation that was already considered in several studies (Bishop, 1959 
the expression for V 2 P simpliˆes as follows:
where G is provided by Eq. (13) as a function of VS, i.e.:
In these latter equations, rw, rS and K w may be considered as physical constants that take standard values, and VP and VS can be measured using routine geophysical tests that are performed in-situ or in the laboratory. As a result, Eq. (17) represents a relationship in which the unknown variables are the porosity n, Poisson's ratio n, degree of saturation Sr, and the coe‹cient of volume change m w 2 . This latter is deˆned as the slope of the soilwater characteristic curve at a given suction, i.e., m w 2 ＝ &n w /&( pa-pw) (Fredlund and Rahardjo, 1993) . It is worth noting that for dry soils (Sr＝0) or completely saturated soils (Sr＝1), Eqs. (13) and (17) yield the well-known expressions for VS and VP derived from the linear poroelasticity theory. They are:
for dry soils (Richart et al., 1970) , and
for saturated soils. In particular, these latter equations coincide with those proposed by Foti et al. (2002) for evaluating the porosity of saturated soils from VS and VP measurements, when the soil particles are assumed to be incompressible (Eqs. (6a) and (17) in their paper). 
COMPARISON WITH EXPERIMENTAL RESULTS
The results from an experimental study conducted by Inci et al. (2003) are here considered to validate the expressions for VP and VS derived in the previous section. The authors are not aware of other existing studies containing all the data necessary for allowing this validation to be performed. Inci et al. (2003) employed an ultrasonic pulse transmission apparatus to measure VP and VS of unsaturated soil samples prepared in the laboratory. The soil samples were compacted at wet of optimum, optimum and dry of optimum water content according to the standard or modiˆed Proctor procedure, and subsequently were allowed to dry in order to vary the degree of saturation. The tests were carried out on cylindrical and cubic samples of three diŠerent soils. Soils 1 and 2 were natural soils, whereas Soil 3 was a mixture of Soil 2 with 25z bentonite by weight. The main index properties of these soils are summarized in Table 1 . As can be noted, Soil 1 is a clayey silty sand with low plasticity. Soil 2 and Soil 3 can be deˆned as a silty clay of medium and high plasticity, respectively. Wave velocity measurements were performed by transducers for P and S waves, the maximum frequency of which was 50 and 100 kHz, respectively. The lateral dimension of the samples was always su‹ciently higher than the wavelength, so that the eŠects of the sample boundary on the wave propagation velocities can be neglected (Santamarina et al., 2001) . No total conˆning stress was applied to the samples during the geophysical tests. More details of the soil properties and the performed tests can be found in the paper by Inci et al. (2003) . By summarizing, for each soil sample, the authors provided the measured P-wave and S-wave velocities and the values of porosity and degree of saturation.
Unfortunately, no soil-water characteristic curve was experimentally obtained by Inci et al. (2003) for the soils considered. Therefore, the real values of m w 2 are not available. Nevertheless, in a related study, Inci et al. (2003) measured the total suction, s, in samples of the same soils as those described above, and related s to the gravimetric water content, w, of each sample. The authors also presented some analytical curves toˆt the experimental data (Fig. 3 of their paper) . Generally, these curves are deˆned for a narrow range of suction and are characterized by low values of the correlation coe‹cient. Their analytical form is:
s＝-a ln (w)＋b (21) where a and b areˆtting parameters depending on the soil type and the condition under which the samples were prepared. In the present study, theseˆtting curves were used for evaluating approximately m w 2 . Speciˆcally, Eq. (21) wasˆrst applied for obtaining an average value of the total suction for each sample as a function of the gravimetric water content. This latter parameter was determined using the well-known phase relationships that are based on the porosity, degree of saturation and speciˆc gravity. After inverting Eq. (21) and performing its derivative, the coe‹cient of compressibility, bm, was evaluated at the above-mentioned total suction under the assumption that the osmotic suction is constant, that is b m ＝&w/&s＝&w/& ( p a -p w ) . The values of b m obtained in this way were then turned into those of the corresponding deformation coe‹cient in terms of volumetric water content, m w 2 , using the relationship suggested by Fredlund and Rahardjo (1993) , which involves the speciˆc gravity and porosity of the soil.
As it will be explained in the next section, the value of Poisson's ratio considered in the calculations was assumed as n＝0.5nu, where nu is provided by the following equation (Richart et al., 1970) :
as a function of the measured P-wave and S-wave velocities. Lastly, the water properties r w and K w were assumed to be equal to 1 t/m 3 and 2.25 GPa respectively, and rs was determined using the speciˆc gravity values reported in Table 1. A comparison between the values of VP as measured by Inci et al. (2003) with those predicted using Eq. (17) is shown in Fig. 1 . It is relevant to observe that no comparison between predicted and measured VS is presented. This is because the values of G are not available for the tested soils (usually, G is just obtained from VS measurements). However, the measured values of V S were used in conjunction with those of n, Sr and the above-speciˆed soil parameters m w 2 and n, to calculate VP by Eqs. (17) and (18) . As can be seen, the proposed equation generally underestimates the experimental values of VP. Nevertheless, the agreement between calculated and measured results can be considered fairly good for most of them, especially if one takes into account the fact that the values of m 
Results from this equation are plotted in Fig. 2 versus Poisson's ratio of the soil skeleton for three diŠerent soil samples, whose values of VP and VS as well as those of the porosity and degree of saturation were measured by Inci et al. (2003) . The parameters rS, rw and K w were assumed to be equal to 2.68 t/m 3 , 1 t/m 3 and 2.25 GPa, respectively. For each soil sample, the value of n was considered to vary from zero to the value provided by Eq. (22) which corresponds to Poisson's ratio of a mono-phase medium, without making a distinction among the constituent phases. For n that is greater than n u , Eq. (23) leads to inconsistent values of m w 2 . Figure 2 shows that m w 2 changes slightly with n when this latter parameter is su‹ciently smaller than nu. On the other hand, m w 2 increases rapidly as n approaches nu, and is inˆnitely high at n＝nu. Therefore, n u as calculated by Eq. (22) can be considered as an upper limit for the values of Poisson's ratio of the soil skeleton. Similar considerations can also be made for the saturated soils for which the value of nu is close to 0.5 (Foti et al., 2001 ). In conclusion, the results of Fig. 2 indicate that n may be selected in a narrow range from zero to a su‹ciently lower value than nu, without yielding substantial variations in the calculated values of m w 2 . Generally, the smaller the degree of saturation of the soil, the narrower is this range. As a consequence, the assumption of n＝0.5nu (that is the mean value of n in the range from 0 to nu) may be considered proper for the soils. This assumption was made in all the analyses performed in this study. In light of these considerations, it turns out that the value of n may be estimated from VP and VS measurements (using Eq. (22)), and therefore the unknown parameters in Eq. (23) reduce in practice to n, Sr, VP and VS.
The complete set of experimental data published by Inci et al. this way for diŠerent values of the degree of saturation, are compared in Fig. 3 to those derived from Eq. (21) using the procedure described in the previous section. These latter values of m w 2 are distinguished in Fig. 3 by the abbreviation FC (i.e., from theˆtting curves provided by Inci et al., 2003) . As previously explained, Poisson's ratio of the soil skeleton was assumed equal to 0.5nu, for each soil sample. Figure 3 shows that the values of the volumetric coe‹cient m w 2 as calculated using Eq. (23) are always smaller than those deduced from theˆtting curves provided by Inci et al. (2003) . This aspect is worth analysing by further experimental studies in which the measured values of V S and V P are related to the soil state in terms of wetting, drying or scanning soil-water characteristic curve, from which m w 2 is evaluated as the slope at a given suction. As it is known, these curves present a diŠerent slope under the same suction. In particular, the scanning curves, on which the state of an undisturbed soil should lie (Fredlund, 2000) , have in general much gentler slopes than the other curves, and hence are characterized by lower values of m w 2 . In addition, it is relevant to observe that the soil-water characteristic curves as measured in the laboratory are substantially ‰at at very low values of (Fredlund and Rahardjo, 1993) . As shown in Fig. 3 , the values of m 
EMPIRICAL RELATIONSHIPS FOR A PRELIMINARY EVALUATION OF n AND Sr
The degree of saturation and porosity ofˆne-grained soils such as silts and clays, can be readily obtained in the laboratory on undisturbed specimens. The determination of these parameters in the case of coarse-grained soils is obviously much more di‹cult because undisturbed sampling of such materials can be only achieved using sophisticated techniques such as freezing. In addition, n and Sr cannot be evaluated from the results of routine insitu tests, with the exception of the saturated soils for which S r ＝1 and n can be related to V P and V S (Foti et al., 2002) . On the other hand, some empirical formulas relating these soil parameters to measured VP and VS are available, which could be useful from a practical viewpoint. For example, Watkins et al. (1972) presented the following relationship between porosity and compressional wave velocity (in m/s):
It was obtained as a least squaresˆt to the experimental data from diŠerent unsaturated materials. The predictive capability of Eq. (24) is assessed here by comparing the calculated porosity with the values of n obtained experimentally by Inci et al. (2003) for the soils described in the previous section. The values of VP used in Eq. (24) are those measured by the same authors. The results are presented in Fig. 4 . The agreement between predicted and measured porosity may be considered reasonable with the exception of the majority of the samples of Soil 1, for which Eq. (24) signiˆcantly overestimates the values of n. This could be due to the high percentage of sand in this soil (as documented in Table 1 ), which could have aŠected the values of n obtained in the laboratory. Based on the experimental data provided by Inci et al. The results show that VP/VS is practically insensitive to Sr in the range from 0 to 60z, where this ratio takes a fairly constant value that is slightly less than 2. On the contrary, for higher values of Sr than 60z, VP/VS clearly increases with increasing Sr. Although these data do not allow a suitable relationship between Sr and VP/VS to be deˆned, they may provide some indications concerning S r on the basis of only V P and V S measurements. For example, if the observed trend is conˆrmed by further experimental data, it could be concluded that when VP/VS is su‹ciently greater than 2, the corresponding value of Sr is likely greater than 60z. Ishihara et al. (1998) proposed the following equation relating VP/VS to the B coe‹cientˆrst deˆned by Skempton (1954):
This equation can be used in conjunction with a relationship between B and Sr to evaluate the degree of saturation from VP and VS measurements. A relationship of this kind was presented by Head (1986) in a graphical form. Unfortunately, owing to the fact that the modulus G appearing in Eq. (25) is a function of Sr (Eq. (18)), an iterative procedure is required to obtain Sr from these equations. The authors are not aware of other existing empirical formulas that relate Sr to VS and/or VP. An attempt in this respect was performed in present study on the basis of the available data. In this connection, Fig. 6 shows the experimental values of Sr provided by Inci et al. (2003) versus the parameter nu that is a function of VP and VS according to Eq. (22) . Although the data are highly dispersed especially at low saturation levels, they show a general tendency of the soil specimens with higher nu to present a higher value of Sr. To express analytically this trend, the simple equation is considered:
which is also plotted in were not included in thisˆgure. Their presence in the graph has, in any case, conˆrmed the conclusions reported below. In the calculations, the measured values of VS and VP were used, and n was assumed equal to 0.5nu. As can be seen, there is a reasonable agreement between the results, in spite of the signiˆcant variations in the data shown in Figs. 4 and 6 . The range of the data is also indicated in Fig. 7 , from which the conˆdence limits can be evaluated. In conclusion, a high level of accuracy in n and Sr does not seem to be required when m 
A PROCEDURE FOR ESTIMATING THE VOLUMETRIC DEFORMATION COEFFICIENTS OF UNSATURATED SOIL
A simple-to-use procedure is suggested for an estimation of the coe‹cients of volume change which deˆne the constitutive relationships proposed by Fredlund and Morgenstern (1976) for unsaturated soils (Eqs. (A-1) to  (A-3) , in APPENDIX I). The procedure requires that the measured values of VS and VP are available together with those of n and Sr. In the absence of these latter data, as it occurs in the case of coarse-grained soils or when in-situ geophysical tests are only performed, some empirical formulas relating n and Sr to VS and VP could be used for a preliminary estimation of these parameters. Obviously, more reliable formulas than those considered in the previous section (if available) should be used to this purpose. As already highlighted, r w , r S and K w are physical constants for which fairly standard numerical values can be assumed. In addition, Poisson's ratio of the soil skeleton may be selected in the range from zero to a su‹ciently lower value than nu, with this latter being a function of only V S and V P (Eq. (22)).
Once these data are known, the coe‹cients of volume change can be evaluated using the equations presented in the previous sections. In particular, m (28) where x may be replaced by S r , as an approximation. Equation (28) also provides an estimation for m w 1 , owing to Eq. (7). Lastly, m w 2 can be evaluated using Eq. (23) . As an example, Fig. 8 presents the coe‹cients of volume change for the soils considered in the previous sections, as calculated using the described procedure in conjunction with the experimental data provided by Inci et al. (2003) . For each soil sample, it was assumed that Poisson's ratio is 0.5nu. Figure 8 shows that the diŠer-ences among the calculated volumetric coe‹cients are large at low values of S r , and decrease with increasing S r . Moreover, the results shown in Fig. 8 meet the requirement that all volume change coe‹cients approach the same value as the degree of saturation approaches 100z (Fredlund and Rahardjo, 1993) .
GENERAL COMMENTS
The primary objective of this work is for presenting a procedure for an evaluation of the coe‹cients of volume change of unsaturated soils from V P and V S measurements. Since the techniques used to measure VP and VS are based on the application of small perturbations to the soil, the material parameters obtained in this way are commonly referred to the initial or undisturbed state of the soil. Some theoretical expressions relating the volumetric deformation coe‹cients to VP and VS have been derived in the previous sections, using a simpliˆed formulation that is based on the theory of linear elasticity and other approximations. Owing to these assumptions, the derived expressions cannot in principle account for important factors such as stress state, stress history and stress path. On the other hand, the eŠects of these factors are implicitly included in the measured values of VP and VS. Thus, it is commonly accepted that there is a relation between the above-mentioned factors and the soil parameters that are evaluated through a process of inversion of VP and VS measurements on the basis of some theoretical expressions derived from the elasticity theory (Ishihara, 1970 To deˆne such a relation for unsaturated soils, a systematic experimental study should be conducted in which VP and VS measurements are carried out on soil samples with known porosity, degree of saturation, stress state, stress history and stress path. The authors expect these studies to be performed in the future.
CONCLUDING REMARKS
A simple-to-use procedure has been presented for an evaluation of the coe‹cients of volume change of unsaturated soils from VP and VS measurements by geophysical tests, such as cross-hole, down-hole or laboratory tests. The other data required as input are the porosity and degree of saturation of the soil, three physical parameters that generally assume standard numerical values, and Poisson's ratio of the soil skeleton. This latter may however be selected in a speciˆed range.
The proposed procedure is of interest from an engineering viewpoint. Nevertheless, owing to the fact that the experimental data used in support of the developed theoretical formulation are incomplete, further experimental veriˆcations are necessary.
